stressors on organisms may be more common at high compared to low overall levels of stress. In this 42 study, we used a three-way full factorial design to investigate whether interactive effects between a 43 natural stressor, the bacterial parasite Pasteuria ramosa, and a chemical stressor, the insecticide 44 carbaryl, were different between two genetically distinct clones of Daphnia magna that strongly differ in 45 their sensitivity to carbaryl. Interactive effects on various life-history and physiological endpoints were 46 assessed as significant deviations from the reference Independent Action (IA) model, which was 47 implemented by testing the significance of the two-way carbaryl × parasite interaction term in two-way 48 ANOVA's on log-transformed observational data for each clone separately. Interactive effects (and 49 thus significant deviations from IA) were detected in both the carbaryl-sensitive clone (on survival, 50 early reproduction and growth) and in the non-sensitive clone (on growth, electron transport activity 51 and proPhenolOxidase activity). No interactions were found for maturation rate, filtration rate, and 52 energy reserve fractions (carbohydrate, protein, lipid). Furthermore, only antagonistic interactions were 53 detected in the non-sensitive clone, while only synergistic interactions were observed in the carbaryl 54 sensitive clone. Our data clearly show that there are genetically determined differences in the 55 interactive effects following combined exposure to carbaryl and Pasteuria in D. magna. 56 57
revealed similar results. In this set of studies, synergistic interactions, i.e. with the effect of the 75 combination of two stressors being stronger than expected based on their non-interactive combined 76 action, were reported in more than 50% of the cases. These authors also report antagonistic 77 7 Temperature (mean ± SD: 19.3 ± 0.4 °C), oxygen concentration (mean ± SD: 9.05 ± 0.27 mg L -1 ), pH 145 (mean ± SD: 7.63 ± 0.10) and conductivity (mean ± SD: 892 ± 20 µS cm Antwerp, Belgium and cultured in our laboratory in Ghent for over 20 years) were exposed to sediment 154 from a pond in Knokke, Belgium (Knokke In, 51°20'6"N, 3°20'54"E), which is known to contain P. 155 ramosa spores (Jansen et al., 2010) . After 22 days the infected hosts were collected and ground. The 156 resulting suspension was filtered over a 60 µm nylon filter (Millipore) and then diluted with deionized 157 water to a concentration of 5×10 6 spores mL -1
. A placebo-suspension for parasite-free treatments was 158 prepared in the same way by grounding the same amount of uninfected stock culture daphnids, in 159 such a way that it contained an equal weight of ground daphnia tissue per mL. Prior to challenging the 160 daphnids with the bacterial spores, the suspension was examined under a phase-contrast microscope 161 at a 400x magnification to determine the presence of spores from other parasites that may have been 162 present in the sediment. Only P. ramosa spores were observed. Daphnids were challenged with 163 3.75×10 4 mature P. ramosa spores per mL medium during the first six days of the experiment. More 164 specifically, spores were added to fresh medium at the start of the experiment (day 0) and at the time 165 of media renewals, i.e. on day two and day four (Jansen et al., 2011b were measured spectrophotometrically in triplicate and transformed into energetic equivalents as 213 described in De Coen and Janssen (1997). The energy consumption was estimated by measuring the 214 electron transport system (ETS) activity at the mitochondrial level as described in De Coen and 215 Janssen (1997). ETS activity was measured as an alternative to oxygen consumption measurements 216 as these could not be performed due to a broken probe. 217 218 2.5.3. Acetylcholinesterase activity 219
Pools of seven flash-frozen daphnids collected on day 10 were homogenized in 0.02M ice-cold sodium 220 hydrogen phosphate buffer (PB), pH 8.0, containing 1% Triton-X-100 (Sigma-Aldrich) with a motor-221 driven Teflon pestle for 45s. Ice-cold PB (without Triton-X-100) was added to the initial homogenate in 222 a 10:1 ratio. The final homogenates were mixed and centrifuged at 3000g at 2-4°C for 10min. 223
Supernatants were collected in a clean, pre-cooled Eppendorf tube and assayed immediately. The 224 enzyme activity was determined in triplicate for each sample according to the colorimetric method 225 described by Ellman et al. (1961) . Briefly, 100 µL of 8 mM 5-5'-dithiobis-2-nitrobenzoate (DTNB) 226 (Sigma-Aldrich) in PB supplemented with sodium hydrogen carbonate (Sigma-Aldrich) at 0.75 mg•mL performed. Sample quality and yield were again assessed using the Nanodrop spectrophotometer. 262
Samples were stored at -20°C until qPCR analysis, which was performed on a Corbett RotorGene 263 3000 during 45 cycles (30s at 95°C; 30s at 58°C; 35s at 72°C). Further qPCR analysis was performed 264 as described in Labbé and Little (2009) . 265 266
Data treatment and statistical analyses 267
In all statistical tests performed, all data were balanced, i.e. an equal number of replicate observations 268 was available for each treatment for each endpoint. All statistics were performed with Statistica 7.0 269 software (Statsoft, Tulsa, OK, USA). All endpoints were log 10 -transformed prior to statistical analysis to 270 ensure compliance with assumptions of normality (Shapiro-Wilkinson's W test) and homoscedasticity 271 (Levene's test) for all endpoints. This transformation also allowed us to interpret findings of a 272 statistically significant carbaryl × parasite interaction term in a two-way ANOVA as a statistically 273 significant deviation from the independent action (IA) model of joint stressor effects (Sih et al., 1998; 274
Fournier et al., 2006; see further). 275
First, we performed three-way ANOVA to determine the significance of the main effects and two-way 276 and three-way interaction terms for all endpoints. All analyses were performed at a significance level 277 of 95% (p < 0.05). Of particular interest were findings of significant clone × carbaryl interaction 278 (confirming a different effect of carbaryl between the two clones) and significant three-way clone × 279 carbaryl × parasite interaction. While three-way interactions can be interpreted in different ways 280 (Kutner et al., 2005) one possible interpretation in our study is that it indicates that the carbaryl × 281 parasite interaction is different between the two clones, which is exactly what we wanted to test in 282 relation to the aims of our study. Therefore we also performed a more detailed analysis of the carbaryl 283
x parasite interaction with two-way ANOVA's for each clone separately to aid the validation of such an 284 interpretation (e.g., if this interaction would be significant in one clone but not in the other). At the 285 same time, the same two-way ANOVA analysis provided a formal statistical test of the independent 286 action (IA) model (see below). and Eq 2., this occurs if E PC,observed > E PC,predicted in cases where E PC,observed > 0 (i.e., where the 320 combined treatment causes a reduction of the endpoint compared to the control, e.g. survival, see Fig.  321 1A) or if E PC,observed < E PC, predicted in cases where E PC,observed <0 (i.e., where the combined treatment 322 causes an increase of the endpoint compared to the control, e.g. proPO expression, see Fig. 2G ). 323
When the observed effect was 'smaller' than the predicted effect, i.e. if E PC,observed < E PC, predicted in 324 cases where E PC,observed > 0, or if E PC,observed > E PC, predicted in cases where E PC,observed <0, the interaction 325 was classified as antagonistic. 326 327
Results

328
Results for all measured endpoints are presented in Figures 1 and 2 . Results of three-way ANOVA 329 analyses are given in Table 1 and Table 2 for life-history and physiological endpoints, respectively. 330 Table 1 and Table 2 also contain results of the two-way ANOVA analysis of the parasite × carbaryl 331 interaction for clones NS and S separately. Complete two-way ANOVA results are listed in Table S1  332 and Table S2 in supplementary material.  333 Main effects of clone, parasite and carbaryl were detected in most endpoints, with few exceptions 334 (Tables 1 and 2 Table 1 ). No significant clone × parasite interactions were observed for any of the life-343 history endpoints (Table 1 ). Our observations on the variables scored indicate that the two studied 344 clones show differences in their sensitivity towards carbaryl but not towards the parasite. 345
Significant three-way clone x carbaryl x parasite interactions suggest that there are clonal differences 346 in carbaryl × parasite interactions for three of the four tested life-history endpoints (i.e. survival, 347 investment in early reproduction and body length) (Table 1, Figure 1A, 1B, 1C) . No significant three-348 way interaction was observed for maturation rate (Table 1, Figure 1D ). Detailed follow-up analyses of 349 the three significant three-way interactions with two-way ANOVA indicated that no interactive effect 350 between parasite and carbaryl on survival was found for clone NS, while a synergistic interaction was 351 detected for clone S (Table 1; Figure 1A ). Clone S also showed a synergistic parasite x carbaryl 352 interaction effect for early reproduction, while clone NS did not (Table 1, Figure 1B) . Finally, for body 353 length an antagonistic interaction was observed for clone NS (Table 1, Figure 1C) , while a synergistic 354 interaction was detected for clone S (Table 1, Figure 1C) . 355 356
Physiological endpoints 357
With three-way ANOVA, differences in response to carbaryl among the two clones were observed for 358 some measured physiological endpoints, with significant clone × carbaryl interaction terms for protein 359 and carbohydrate reserves (Table 2) . While carbaryl has no effect in clone NS, it has a strong negative 360 effect on the total protein and carbohydrate reserves in clone S ( Figure 2B and C) . In addition, two-361 way ANOVA revealed significant clone × carbaryl interactions in the absence of parasites for ETS (p < 362 15 0.001) and AChE (p = 0.01). For the latter two endpoints carbaryl has a strong positive effect in clone 363 S, while no effect was detected in clone NS ( Figure 2E and F) . No clone × carbaryl interaction was 364 detected with three-way ANOVA for filtration rate (Figure 2A ), lipid reserves ( Figure 2D ) and proPO 365 expression ( Figure 2G ). Together, our observations indicate that carbaryl elicits a very different 366 response of the physiological endpoints studied in both clones, with an overall more pronounced effect 367 in clone S. None of the measured physiological endpoints showed significant three-way interactions. 368
However, in two-way ANOVAs carried out for both clones separately, a significant, antagonistic 369 parasite × carbaryl interaction was detected in clone NS for the proPO expression endpoint, while no 370 interaction was detected for clone S (Table 2 ). This suggests a tendency for differences in the 371 response to a combined effect of parasite and carbaryl exposure between these two clones for this 372 endpoint. No carbaryl × parasite interactions were observed with two-way ANOVA for ETS and AChE 373 in clone S, while a significant, antagonistic carbaryl × parasite interaction was detected for ETS in 374 clone NS. 375 376
Discussion
377
Susceptibility to the adverse effects of parasite infection can increase with host environmental stress 378 (Gèrard et al., 2008) . Evidence of chemical stressors interacting with parasites is mounting, but mostly 379 limited to vertebrate species (Holmstrup et al., 2010) . Kramarz et al. (2007) showed that the snail 380 Canthareus aspersus exposed simultaneously to cadmium and the nematode Phasmarhabditis 381 hermaphrodita accumulated cadmium to higher concentrations than control snails. Scarab grubs 382 (Cyclocephala hirta and C. pasadenae) exposed to a combination of a biopesticide and nematodes 383 showed additive or greater than additive mortalities (Koppenhöffer and Kaya, 1997) . Synergistic 384 interactions are also reported for the pesticide imidacloprid applied together with entomopathogenic 385 nematodes in white grubs (C. hirta, C. borealis and Popillia japonica) in (Koppenhöffer et al., 2000) . 386
Finally, Cuthbertson et al. (2003) showed increased mortality of sweet potato whitefly larvae after 387 exposure to a combination of imidacloprid and the nematode Steinernema feltiae. However, none of 388 these studies investigated possible genotype-based differences in chemical x pathogen interactions 389 between different genotypes of the same species that differ in their sensitivity to one of the stressors. 390
One study by Salice and Roesijadi (2002) points in the direction of such differences: they found higher 391 mortality due to cadmium in a parasite-resistant strain of the freshwater snail Biomphalaria glabrata 392 compared to a parasite-susceptible strain. Yet, these authors did not expose both strains to a 393 combination of cadmium and the parasite, making the assessment of interactions between both 394 stressors impossible. 395
To be able to test whether the carbarayl-sensitive clone would experience different interactive effects 396 between the insecticide carbaryl and the bacterial parasite P. ramosa compared to the less sensitive 397 clone, we needed to verify first if one clone was indeed more sensitive to carbaryl than the other and 398 whether both clones were overall equally sensitive to the parasite. For life-history endpoints, the three-399 way ANOVA showed clear clone × carbaryl interactions (Table 1 ). Clonal differences of daphnids in 400 sensitivity to various stressors such as pesticides have been shown before (e.g. Calow et al., 1990 ; 401 Warming et al., 2009 ). Both clones investigated here are affected by the parasite, with no significant 402 clone × parasite interaction for the studied life-history endpoints (Three-way ANOVA, Table 1) . 403
Maturation rate decreased, while 'investment in early reproduction' increased following parasite 404 exposure in both clones ( Figure 1B and D) . In other words, fewer animals reached maturity in the 405
